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16 Claims, 15 Drawing Sheets

AM2 AM1

WL~

SEL |

MTd i,

R1

R2




US 12,041,788 B2

Page 2
(51) Imt. ClL
HION 50/10 (2023.01)
HION 50/80 (2023.01)
(56) References Cited
U.S. PATENT DOCUMENTS
10,249,665 B2 4/2019 Yamamoto et al.
2011/0127629 Al 6/2011 Yorikado et al.
2015/0380638 Al* 12/2015 Ootera ............... G11C 11/1675
257/421

2020/0091182 Al 3/2020 Shishido et al.

* cited by examiner



U.S. Patent Jul. 16, 2024 Sheet 1 of 15 US 12,041,788 B2

FIG. 1

e

17

CONTROL CIRCUIT

14
2
cMD 15 READ CIRCUIT |
— T 12
ADR SHIFT
| o |[creurr COLUMN DRIVER E;
CNT
o L7 L7
DT
«— Ly
16 |s
VRE: 3
N
VOLIAGE | |7 = MEMORY
GENERATION| [ & 2 CELL ARRAY
CIRCUIT P z
Q m
< 0
_{




U.S. Patent

-
law)

Jul. 16, 2024

FIG. 2

Sheet 2 of 15

US 12,041,788 B2

MC

MEM




U.S. Patent

£
=

Jul. 16, 2024

Sheet 3 of 15

US 12,041,788 B2

WL WL WL
MC MC MC
v, a Pl
MC MC MC Y'/
/s v ) e BL
MC MC MC
ol b L~ b v / BL
TR SR TR
]
5 BL




U.S. Patent Jul. 16, 2024 Sheet 4 of 15

US 12,041,788 B2

> MU

MC
WL
32
SEL< 33—
31—
22
MTJ+<23
21
51
52
51
52
51
52
51
52
FL
/ e

7




U.S. Patent Jul. 16, 2024 Sheet 5 of 15 US 12,041,788 B2

FIG. 5

AM
\ /AM2

AMH1
|~

N$—>-<
x



US 12,041,788 B2

Sheet 6 of 15

Jul. 16, 2024

U.S. Patent

1

AM

AM2

MEM

- o
v &
s N }
o33 e 4] £
e g £=2. & Bz 3 g g
mv_ o~ A/A J/_ [co] «© NN N N N
ﬂ “ i *
w: fw \ Zm% / ,w w \ f /
W/NH/W 19) 08¢
AN
39000 0003004
W<m/< RSV
90| 0003001
N 0011003004
o
RS
, ~
MO0
NN o
1000 =
o
N SNl ;
N [ [
LA | / /
v \ \ [
] o - o B (= P R Ty
w > BE = REBR )

FIG.



U.S. Patent

\

Jul. 16, 2024

FIG. 9

Sheet 7 of 15

US 12,041,788 B2

61b ~—H7

61a—]

2081

S/
,,/ ’

e
N A1(War)

§

N\ B1(Ws1)

52—/

51—~

P1




US 12,041,788 B2

Sheet 8 of 15

Jul. 16, 2024

U.S. Patent

FIG. 10

MEM

™ 212b

211




U.S. Patent Jul. 16, 2024 Sheet 9 of 15 US 12,041,788 B2

FIG. 11

MEM : AM2 ’ .

!
213 !

AR

—

512
[ 241

212a




US 12,041,788 B2

Sheet 10 of 15

Jul. 16, 2024

U.S. Patent

FIG. 12

AM2

MEM

L AMY

/MZOS

——212
[ T~212b
J—211

////////

//

//,7////

N\\¥
L

/
////

/////

///

/

AN

wed



U.S. Patent Jul. 16, 2024 Sheet 11 of 15 US 12,041,788 B2

FIG. 13

212a

208

212 —

212b



US 12,041,788 B2

Sheet 12 of 15

Jul. 16, 2024

U.S. Patent

14

FIG.

AM1

AM2

MEM

SCIROON
D, I / VM//W/M- |||||

J I ///WM .....

—— 212
T 212b

//,———208
.

|

NGO 5‘%

PR

DNt leesaaad

\

AR

X H@w N//M\%ﬁ
/ RO
OGN i‘,%

=

7l

==
> VH/%/MVM%W
m JOOIN %%

~ \ﬂ
Wuﬂ%u ,/\/V/(//

PRI

SO\
W<Hﬁ< \//V//M

.

MU
X

wed



US 12,041,788 B2

Sheet 13 of 15

Jul. 16, 2024

U.S. Patent

211
| _-212b
212

61
— 62
_-200a

|
N 208

"~ 212a
207
—— 203

T

3

AM1

\

§§
NS
ENE
(%

AM2

“\\ S ACA AN
N\“\\N\\ 00

\/\/\(}\ a3 o,

Lo} 7 -

\\mwoomu, 200084

. )<))\.

002000900004

| 000008 100001

\\

=

L ANT 7

MEM

SM

Mu

~ 200b

TRe

TRy




US 12,041,788 B2

Sheet 14 of 15

Jul. 16, 2024

U.S. Patent

18] 0D
o3 M~ (o2 [e] D
S5 o S & 8 S
e | LN/
% | | }
= 5080019003004
z N
SR SRS
I \ % .......... | 1
;90000003904
(Y]
2
) 90051000304
vn IIIIIIIIIIIIIIIIIIIIIIIIIIIIII ——— ] b ..
roondieseet
/V///// SN [
. ,.,:/ N |
3 I ?@m &
= POSON 10004 : =
NN N 4
PSONUINNNDSH
V//ﬁ/{y\ - Z
S0 (10000¢ ¢
/// %
N CC___. / 14
AR
0 .JJn <t (o] [}
© 2 §eaf 3 § §
pd
O] ned
LL



US 12,041,788 B2

Sheet 15 of 15

Jul. 16, 2024

U.S. Patent

MEM

=

17

FIG.

| 200a

200b

—— 208
_—-208a
|- ——208

/
-

T~ 208b
—— 207

50000{ 000300
NN N
}9000{000:00¢

—f— 203

TRe

TRn




US 12,041,788 B2

1
STORAGE DEVICE AND METHOD FOR
MANUFACTURING STORAGE DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority from Japanese Patent Application No. 2021-044935,
filed on Mar. 18, 2021; the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a stor-
age device and a method for manufacturing the storage
device.

BACKGROUND

A memory with a three-dimensional structure has been
developed to further increase capacity of the memory. An
example of the memory with the three-dimensional structure
includes a semiconductor device manufactured by forming a
memory cell array and then forming elements on upper and
lower surfaces of the memory cell array.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating a configuration
example of a storage device.

FIG. 2 is a block diagram illustrating a configuration
example of a memory cell array.

FIG. 3 is a schematic diagram illustrating a configuration
example of a memory cell region.

FIG. 4 is a schematic diagram illustrating a structural
example of a memory cell.

FIG. 5 is a schematic diagram illustrating a configuration
example of an alignment mark region.

FIG. 6 is a schematic diagram illustrating a configuration
example of a first alignment mark region.

FIG. 7 is a schematic diagram illustrating a configuration
example of a second alignment mark region.

FIG. 8 is a cross-sectional schematic diagram illustrating
a structural example of a storage device.

FIG. 9 is a cross-sectional schematic diagram illustrating
a structural example of a pillar.

FIG. 10 is a cross-sectional schematic diagram to explain
a manufacturing method example of a storage device.

FIG. 11 is a cross-sectional schematic diagram to explain
the manufacturing method example of the storage device.

FIG. 12 is a cross-sectional schematic diagram to explain
the manufacturing method example of the storage device.

FIG. 13 is a cross-sectional schematic diagram to explain
the manufacturing method example of the storage device.

FIG. 14 is a cross-sectional schematic diagram to explain
the manufacturing method example of the storage device.

FIG. 15 is a cross-sectional schematic diagram to explain
the manufacturing method example of the storage device.

FIG. 16 is a cross-sectional schematic diagram to explain
the manufacturing method example of the storage device.

FIG. 17 is a cross-sectional schematic diagram to explain
the manufacturing method example of the storage device.

DETAILED DESCRIPTION

A storage device of an embodiment includes: an insulat-
ing layer including a first surface, a second surface, a first
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2

insulating region provided between the first and second
surfaces, and a second insulating region provided between
the first and second surfaces; at least one memory unit
provided in the first insulating region; at least one first pillar
provided in the second insulating region and extending in a
first direction intersecting the first and second surfaces; a
first element provided on the first surface side of the insu-
lating layer; and a second element provided on the second
surface side of the insulating layer. The at least one first
pillar includes: a first region including a first portion, a
second portion and a third portion, the first portion having a
first maximum diameter, the second portion having a second
maximum diameter, the third portion being provided
between the first and second portions in the first direction
adjacent to each of the first and second portions and having
a first minimum diameter, and the first and second portions
defining a first distance therebetween in the first direction; a
second region including a fourth portion, a fifth portion and
a sixth portion, the fourth portion having a third maximum
diameter, the fifth portion having a fourth maximum diam-
eter, the sixth portion being provided between the fourth and
fifth portions in the first direction adjacent to each of the
fourth and fifth portions and having a second minimum
diameter, and the fourth and fifth portions defining a second
distance therebetween in the first direction; and a third
region provided between the first and second regions in the
first direction and including a seventh portion, an eighth
portion and a ninth portion, the seventh portion having a fifth
maximum diameter, the eighth portion having a sixth maxi-
mum diameter, the ninth portion provided between the
seventh and eighth portions in the first direction adjacent to
each of the seventh and eighth portions and having a third
minimum diameter, the seventh and eighth portions defining
a third distance therebetween in the first direction, and the
third distance being shorter than each of the first and second
distances.

Hereinafter, embodiments will be described with refer-
ence to the drawings. A relationship between a thickness and
a planar size of each component, a thickness proportion of
each component, and the like illustrated in the drawings are
sometimes different from actual ones. In each embodiment
presented below, substantially the same components are
denoted by the same reference signs, and a description
thereof is sometimes partially omitted.

In this specification, “connection” includes not only
physical connection but also electrical connection, unless
otherwise specified.

FIG. 1 is a block diagram illustrating a configuration
example of a storage device. FIG. 1 illustrates a storage
device 1, which is a magnetic domain wall memory. The
storage device 1 includes a memory cell array 10, a row
driver 11, a column driver 12, a write circuit 13, a read
circuit 14, a shift circuit 15, a voltage generation circuit 16,
and a control circuit 17.

FIG. 2 is a block diagram illustrating a configuration
example of the memory cell array 10. The memory cell array
10 has a memory cell region MEM including a plurality of
memory cells MC and an alignment mark region AM. Each
of the memory cells MC is connected to a corresponding
word line WL and bit line BL. Data is stored in the memory
cell MC.

The row driver 11 controls a plurality of rows of the
memory cell array 10. The row driver 11 receives a row
address signal based on a decoding result of an address
signal ADR input from outside from the control circuit 17.
The row driver 11 sets the word line WL of a row selected
by the row address signal to a selected state. The row driver
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11 has circuits such as, for example, a multiplexer (word line
selection circuit) and a word line driver.

The column driver 12 controls a plurality of columns of
the memory cell array 10. The column driver 12 receives a
column address signal based on the decoding result of the
address signal ADR from the control circuit 17. The column
driver 12 sets the bit line BL of a column selected by the
column address signal to a selected state. The column driver
12 has circuits such as, for example, a multiplexer (bit line
selection circuit) and a bit line driver.

The write circuit 13 performs various controls for data
write operations. The write circuit 13 receives a data signal
DT input from outside. The write circuit 13 supplies write
pulses formed by current and/or voltage to the memory cell
array 10 during the write operation. This allows data to be
written to the memory cells MC. The write circuit 13 is
electrically connected to the memory cell array 10 through
the row driver 11. The write circuit 13 has circuits such as,
for example, a voltage source and/or a current source, a
pulse generation circuit, and a latch circuit.

The read circuit 14 performs various controls for data read
operations. The read circuit 14 supplies read pulses (for
example, read current) to the memory cell array 10 during
the read operation. The read circuit 14 senses a potential or
current value of the bit line BL. Based on this sense result,
data in the memory cell MC can be read out. The read circuit
14 transfers read data signals to the outside. The read circuit
14 is connected to the memory cell array 10 through the
column driver 12. The read circuit 14 has circuits such as, for
example, a voltage source and/or a current source, a pulse
generation circuit, a latch circuit, and a sense amplifier
circuit.

The shift circuit 15 performs various controls for shift
operations (data shifting). The shift circuit 15 supplies
pulses (hereinafter, referred to as shift pulses) to the memory
cell array 10 to move magnetic domain walls (magnetic
domains) in magnetic substances provided in the memory
cells MC during the shift operation. The shift circuit 15 is
connected to the memory cell array 10 through the row
driver 11 and the column driver 12. The shift circuit 15 has
circuits such as, for example, a voltage source and/or a
current source, and a pulse generation circuit.

The write circuit 13, the read circuit 14, and the shift
circuit 15 are not limited to mutually independent circuits.
For example, the write circuit 13, the read circuit 14, and the
shift circuit 15 may be arranged in the storage device 1 as a
single integrated circuit with common components that can
be used mutually.

The voltage generation circuit 16 generates voltages for
various operations of the memory cell array 10 using a
power supply voltage supplied from outside. The voltage
generation circuit 16 supplies the generated various voltages
to each of the row driver 11, the column driver 12, the write
circuit 13, the read circuit 14, and the shift circuit 15.

The control circuit 17 has, for example, a command
register and an address register. The control circuit 17
controls the row driver 11, the column driver 12, the write
circuit 13, the read circuit 14, the shift circuit 15, and the
voltage generation circuit 16 based on a command signal
CMD, the address signal ADR, and a control signal CNT
input from outside, for example, to perform operations such
as read operations, write operations, and erase operations.

The command signal CMD 1is a signal that indicates
operations to be performed by the storage device 1. For
example, the address signal ADR is a signal that indicates
coordinates of one or more memory cells MC to be operated
in the memory cell array 10 (hereinafter, referred to as
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4

selected cells). The address signal ADR includes the row
address signal and the column address signal of the memory
cell MC. The control signal CNT is a signal for controlling,
for example, an operation timing between the storage device
1 and an external device and an internal operation timing of
the storage device 1.

FIG. 3 is a schematic diagram illustrating a configuration
example of the memory cell region MEM. FIG. 3 illustrates
an X-axis, a Y-axis intersecting perpendicularly to the
X-axis, and a Z-axis intersecting perpendicularly to each of
the X-axis and Y-axis.

The memory cell region MEM has the plurality of
memory cells MC arranged two-dimensionally. Each of the
plurality of memory cells MC is electrically connected to
one of the plurality of word lines WL and one of the plurality
of bit lines BL.. The plurality of word lines WL are arranged
in the X-axis direction. The word line WL extends in the
Y-axis direction. The plurality of bit lines BL. are arranged
in the Y-axis direction. The bit line BL extends in the X-axis
direction.

The memory cell MC is provided between the word line
WL and the bit line BL.. One end of the memory cell MC is
connected to the word line WL. The other end of the
memory cell MC is connected to the bit line BL. The
plurality of memory cells MC arranged in the Y-axis direc-
tion are connected to the same word line WL. Memory cells
MC arranged in the X-axis direction are connected to the
common bit line BL.

The word line WL is electrically connected to the row
driver 11. A state of the word line WL is controlled by the
row driver 11.

The bit line BL is electrically connected to the column
driver 12. A state of the bit line BL is controlled by the
column driver 12.

FIG. 4 is a schematic diagram illustrating a structural
example of the memory cell MC. The memory cell MC has
a memory unit MU, a reproducing element MTJ, and a
selection element SEL.

The memory unit MU extends along the Z-axis direction.
The memory unit MU includes a pillar having a magnetic
substance on its side surface.

The memory unit MU has perpendicular magnetic anisot-
ropy or in-plane magnetic anisotropy. An easy magnetiza-
tion axis direction of the memory cell MC is defined based
on the magnetic anisotropy of the memory unit MU.

Materials of the magnetic substance include: a stacked
film or an alloy of at least one first element (transition metal
element) such as iron (Fe), cobalt (Co), nickel (Ni), man-
ganese (Mn), and chromium (Cr) and at least one second
element (noble metal element) such as platinum (Pt), palla-
dium (Pd), iridium (Ir), ruthenium (Ru), and rhodium (Rh);
an amorphous alloy of the first element (transition metal
element) and a third element (semimetal element) such as
boron (B), silicon (Si), germanium (Ge), and antimony (Sb);
and an amorphous alloy of the first element and a fourth
element (rare earth element) such as gadolinium (Gd),
terbium (Tb), dysprosium (Dy), holmium (Ho), and erbium
(Er), and so on. Nonmagnetic elements such as gold (Au),
silver (Ag), copper (Cu), aluminum (Al), magnesium (Mg),
bismuth (B1), tantalum (Ta), and carbon (C) may be added
to the above magnetic materials to adjust various properties
such as magnetic properties, crystallinity, mechanical prop-
erties, and chemical properties.

The reproducing element MTJ is provided between the
memory unit MU and the selection element SEL. The
reproducing element MTJ is electrically connected to the
memory unit MU and the selection element SEL. The
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reproducing element MTJ is connected to the memory unit
MU, for example, through a magnetic layer. The reproduc-
ing element MTJ functions as a read element for reading
data in the memory unit MU during the read operation of the
storage device 1.

The reproducing element MTJ is a magnetoresistive effect
element. The magnetoresistive effect element includes a
magnetic layer 21, a magnetic layer 22, and a nonmagnetic
layer 23. The nonmagnetic layer 23 is provided between the
magnetic layer 21 and the magnetic layer 22 in the Z-axis
direction. The magnetic layer 21, the magnetic layer 22, and
the nonmagnetic layer 23 form a magnetic tunnel junction
(MTI). In the following, the magnetoresistive effect element
including the magnetic tunnel junction is called a magnetic
tunnel junction element (MTJ element). The nonmagnetic
layer 23 of the MTJ element is called a tunnel barrier layer.

Examples of the magnetic layers 21 and 22 are ferromag-
netic layers that contain at least one element of cobalt, iron,
and boron. The magnetic layers 21 and 22 may be a
single-layer film or a multilayer film (for example, artificial
lattice film). The nonmagnetic layer 23 is, for example, an
insulating film containing magnesium oxide. The nonmag-
netic layer 23 may be a single-layer film or a multilayer film.

The magnetic layers 21 and 22 have the in-plane magnetic
anisotropy or the perpendicular magnetic anisotropy. The
easy magnetization axis direction of the magnetic layers 21
and 22 with the in-plane magnetic anisotropy is substantially
parallel to layer surfaces (film surfaces) of the magnetic
layers. In this case, each of the magnetic layers 21 and 22 has
magnetization that is substantially parallel to the layer
surfaces of the magnetic layers 21 and 22. A magnetization
direction of the magnetic layers 21 and 22 with the in-plane
magnetic anisotropy is perpendicular to an arrangement
direction, that is, a stacking direction (Z-axis direction) of
the magnetic layers 21 and 22.

The easy magnetization axis direction of the magnetic
layers 21 and 22 with the perpendicular magnetic anisotropy
is substantially perpendicular to the layer surfaces (film
surfaces) of the magnetic layers. In this case, each of the
magnetic layers 21 and 22 has magnetization that is sub-
stantially perpendicular to the layer surfaces of the magnetic
layers 21 and 22. The magnetization direction of the mag-
netic layers 21 and 22 with the perpendicular magnetic
anisotropy is parallel to the arrangement direction, that is,
the stacking direction (Z-axis direction) of the magnetic
layers 21 and 22.

The magnetization direction of the magnetic layer 21 is
variable. The magnetization direction of the magnetic layer
22 is invariable (fixed state). In the following, the magnetic
layer 21 with the variable magnetization direction is called
a storage layer. The magnetic layer 22 with the invariable
(fixed) magnetization direction is called a reference layer.
The magnetic layer 21 may also be called a free layer, a
magnetization free layer, or a magnetization variable layer.
The magnetic layer 22 may also be called a pin layer, a
pinned layer, a magnetization invariable layer, or a magne-
tization fixed layer.

In this embodiment, “the magnetization direction of the
reference layer (magnetic layer) is invariable” or “the mag-
netization direction of the reference layer (magnetic layer) is
in a fixed state” means that the magnetization direction of
the reference layer does not change before and after supply
of current, voltage, or magnetic energy (for example, mag-
netic field) that changes the magnetization direction of the
storage layer when the current, the voltage, or the magnetic
energy is supplied to the reproducing element MTJ.
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The selection element SEL is provided between the repro-
ducing element MTJ and the word line WL. The selection
element SEL is electrically connected to the reproducing
element MTJ and the word line WL. The selection element
SEL may be directly connected to the reproducing element
MT]J without any other components therebetween.

The selection element SEL is used to control the connec-
tion between the memory unit MU and the word line WL.
When the selection element SEL is set to an ON state, the
memory unit MU is electrically connected to the word line
WL. When the selection element SEL is set to an OFF state,
the memory unit MU is electrically separated from the word
line WL. The ON/OFF of the selection element SEL is
controlled by controlling a potential difference between the
bit line BL and the word line WL. As a result, one or more
magnetic substances to be operated among the plurality of
memory units MU are selected.

The selection element SEL includes, for example, an
electrode 31, an electrode 32, and a switching layer 33. The
switching layer 33 is provided between the electrode 31 and
electrode 32. The electrode 31 is provided on the reproduc-
ing element MTJ in the Z-axis direction. The switching layer
33 is provided on the electrode 31 in the Z-axis direction.
The electrode 32 is provided on the switching layer 33 in the
Z-axis direction. A material of the switching layer 33 is
transition metal oxide, a chalcogenide compound, or the
like.

A resistance state of the switching layer 33 changes to a
high resistance state or a low resistance state according to
the supplied current (or voltage). As a result, the selection
element SEL is set to the ON state (low resistance state,
continuity state) when the current greater than or equal to a
threshold current (or voltage greater than or equal to a
threshold voltage) of the selection element SEL is supplied
to the memory unit MU. The selection element SEL is set to
the OFF state (high resistance state, non-continuity state)
when the current less than the threshold current of the
selection element SEL is supplied to the memory unit MU.

The selection element SEL in the OFF state electrically
separates the memory unit MU from the word line WL. The
selection element SEL in the ON state is capable of passing
current into the memory cell MC. The selection element
SEL in the ON state supplies the memory unit MU with the
current that flows from the bit line BL side toward the word
line WL side or from the word line WL side toward the bit
line BL side, according to the potential difference between
the bit line BL and the word line WL. Thus, the selection
element SEL is an element capable of passing current to the
memory unit MU in both directions.

The memory cell MC is superimposed on a field line FL.
The field line FL is provided above the bit line BL in the
Z-axis direction. The field line FL extends in the Y-axis
direction. The field line FL spans a plurality of memory cells
MC.

The field line FL is wiring for writing data in a magnetic
field writing method during the write operation of the
storage device 1 (hereinafter, referred to as write wiring).
During the write operation in the magnetic field writing
method, write pulses (hereinafter, also called write current)
are supplied to the field line FL.. The write current generates
a magnetic field around the field line FL. The generated
magnetic field is applied to the memory unit MU. A mag-
netization direction of the memory unit MU is set according
to a direction of the generated magnetic field. This can write
data into the memory unit MU. The direction of the magnetic
field changes according to the direction of the write current
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flowing in the field line FL. Therefore, the direction of the
write current flow in the field line FL is set according to the
data to be written.

The field line FL is electrically connected to the row
driver 11 and the write circuit 13. A state of the field line FL
is controlled, for example, by the row driver 11. The supply
of the write current to the field line FL is controlled by the
write circuit 13.

In the storage device 1, dimensions of the memory unit
MU (for example, a diameter of the pillar) vary periodically
along the Z-axis direction. The memory unit MU is con-
stricted at predetermined intervals (periods) in the Z-axis
direction. In this embodiment, a structure periodically
changing (periodically constricting) in dimensions is called
a constriction structure.

The constricted portions of the memory unit MU are
referred to as depressions 51. A range (region) having a
certain dimension in the Z-axis direction including the
depression 51 is called a constricted region (or magnetic
domain wall existing region). For example, the constricted
region is a region with a certain range centered on the
depression 51. The depression 51 is a region with a certain
dimension. Therefore, the constricted region may be
regarded as the depression 51.

A dimension (diameter of the pillar) D1 of the depression
51 in the X-axis and Y-axis directions is smaller than
dimensions of portions other than the depression 51. The
dimension D1 is the smallest dimension in the X-axis
direction (or Y-axis direction) of the memory unit MU with
the constriction structure.

The memory unit MU includes a plurality of protrusions
52. One protrusion 52 is provided between two depressions
51 aligned in the Z-axis direction. The protrusion 52 pro-
trudes outward from the magnetic substance in the Z-axis
direction more than the depression 51. The protrusion 52
substantially corresponds to a cell portion of the memory
cell MC.

The protrusion 52 is provided in a region between the two
depressions 51 in the memory unit MU. In the following, the
region (range) between the two depressions 51 is referred to
as a cell region (magnetization region or magnetic domain
wall displacement region).

One protrusion 52 is provided between the two depres-
sions 51 in the Z-axis direction. The depression 51 substan-
tially corresponds to a boundary portion between the
memory cells MC adjacent to each other in the Z-axis
direction.

The protrusion 52 has a dimension (diameter of the pillar)
D2 in the X-axis or Y-axis direction. The dimension D2 of
the protrusion 52 is larger than the dimension D1 of the
depression 51. For example, the dimension D2 is the largest
dimension in the X-axis direction (or Y-axis direction) of the
memory unit MU with the constriction structure.

The dimension of the protrusion (cell region) 52 in the
X-axis direction (or Y-axis direction) decreases gradually
from a center portion of the protrusion 52 toward the
depression 51 side. A volume of a magnetic substance
(magnetic layer) of the depression 51 is smaller than a
volume of a magnetic substance of the protrusion 52.

Each protrusion (cell region) 52 in one memory unit MU
may have a magnetization (magnetic domain). The memory
unit MU has the perpendicular magnetic anisotropy. A film
surface (layer surface) of the memory unit MU is along the
Z-axis direction. Hence, the easy magnetization axis direc-
tion of the memory unit MU with the perpendicular mag-
netic anisotropy intersects the Z-axis direction. When the
memory unit MU has the perpendicular magnetic anisot-
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ropy, for example, magnetic layers having the perpendicular
magnetic anisotropy are used for the magnetic layers 21 and
22 of the reproducing element MTJ. However, in this case,
magnetic layers having the in-plane magnetic anisotropy
may be used for the magnetic layers 21 and 22 of the
reproducing element MTJ.

The memory unit MU may have the in-plane magnetic
anisotropy. In this case, the easy magnetization axis direc-
tion of the memory unit MU is parallel to the Z-axis
direction. When the memory unit MU has the in-plane
magnetic anisotropy, for example, magnetic layers having
the in-plane magnetic anisotropy are used for the magnetic
layers 21 and 22 of the reproducing element MTJ. However,
in this case, magnetic layers having the perpendicular mag-
netic anisotropy may be used for the magnetic layers 21 and
22 of the reproducing element MTJ.

FIG. 5 is a schematic diagram illustrating a configuration
example of the alignment mark region AM. The alignment
mark region AM includes a first alignment mark region AM1
and a second alignment mark region AM2. The first align-
ment mark region AM1 is surrounded by the second align-
ment mark region AM2 along an X-Y plane. The configu-
ration example of the alignment mark region AM illustrated
in FIG. 5 is an example, and shapes, sizes, and arrangements
of the first alignment mark region AM1 and second align-
ment mark region AM2 are not limited to this configuration
example.

FIG. 6 is a schematic diagram illustrating a configuration
example of the first alignment mark region AM1. The first
alignment mark region AM1 includes a plurality of pillars
61. The plurality of pillars 61 are arranged at regular
intervals [.1 along the X-Y plane. The plurality of pillars 61
extend along the Z-axis direction. The interval [.1 is a
distance between centers of adjacent pillars 61 in the X-Y
plane. The plurality of pillars 61 have uniform dimensions.

FIG. 7 is a schematic diagram illustrating a configuration
example of the second alignment mark region AM2. The
second alignment mark region AM2 includes a plurality of
pillars 62. The plurality of pillars 62 are arranged at irregular
intervals [.2 along the X-Y plane. The plurality of pillars 62
extend along the Z-axis direction. The interval [.2 is a
distance between centers of adjacent pillars 62 in the X-Y
plane. FIG. 7 illustrates the plurality of pillars 62 having
uniform dimensions. The plurality of pillars 62 are not
limited thereto, and may not have uniform dimensions.

FIG. 8 is a cross-sectional schematic diagram illustrating
a structural example of the storage device 1 and illustrates an
X-Z cross-section. The storage device 1 illustrated in FIG. 8
has a first region R1 including the memory cell array 10, and
a second region R2 including peripheral circuits such as the
row driver 11, the column driver 12, the write circuit 13, the
read circuit 14, the shift circuit 15, the voltage generation
circuit 16, and the control circuit 17. The first region R1 and
second region R2 are provided on separate substrates and are
joined by bonding the substrates together. For convenience,
the memory cell region MEM, the first alignment mark
region AM1, and the second alignment mark region AM2 are
illustrated next to each other in FIG. 8.

The storage device 1 illustrated in FIG. 8 includes a
field-effect transistor TR,, and field-effect transistor TR,
provided on a semiconductor substrate 200, a conductive
layer 202, an insulating layer 203, a connection pad 204, a
connection pad 205, the bit lines BL, the field lines FL, a
conductive layer 206, an insulating layer 207, an insulating
layer 208, the memory units MU, the pillars 61, the pillars
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62, the reproducing elements MTJ, the selection elements
SEL, the word lines WL, an insulating layer 209, and a
substrate 210.

Electronic elements such as the field-effect transistor TR,
and field-effect transistor TR, are provided in any of the
peripheral circuits such as the row driver 11, the column
driver 12, the write circuit 13, the read circuit 14, the shift
circuit 15, the voltage generation circuit 16, and the control
circuit 17. For example, the electronic elements connected to
the write circuit 13 may have a function as write elements.

The conductive layer 202 is connected to a source or drain
of the field-effect transistor TR, or field-effect transistor
TR, through a plurality of contact plugs, as illustrated in
FIG. 8. The conductive layer 202 contains, for example, a
metal material.

The insulating layer 203 is provided on the field-effect
transistor TR, and field-effect transistor TR . The insulating
layer 203 contains, for example, a silicon oxide layer.

The connection pad 204 is a connection pad on the
semiconductor substrate 200 side. The connection pad 204 is
connected to the conductive layer 202 through a contact
plug. Another conductive layer may be provided between
the conductive layer 202 and the connection pad 204, and
the conductive layer 202 and the connection pad 204 may be
electrically connected through the conductive layer. The
connection pad 204 contains a metal material such as copper
or a copper alloy, for example.

The connection pad 205 is a connection pad on the
substrate 210 side. The connection pad 205 is connected to
the bit line BL. The connection pad 205 contains a metal
material such as copper or a copper alloy, for example.

The connection pads 204 and 205 are directly joined, for
example, by element diffusion between metals, Van der
Waals forces, recrystallization by cubical expansion or melt-
ing, and the like. Furthermore, the first region R1 and second
region R2 provided on separate substrates can be bonded
together by direct joining through element diffusion between
insulators, the Van der Waals forces, chemical reactions such
as dehydration condensation and polymerization, and the
like.

The bit line BL is provided above the field-effect transis-
tor TR, and field-effect transistor TR . The field line FL is
provided above the bit line BL. The field line FL. and the bit
line BL contain, for example, a metal material.

The conductive layer 206 is connected to the bit line BL,
for example, through a contact plug.

The insulating layer 207 contains, for example, silicon
oxide (Si0,) and silicon nitride (SiN).

The insulating layer 208 contains metal oxide. The metal
oxide includes, for example, aluminum oxide (alumina). The
insulating layer 208 has a surface 2084 and surface 2085.
The surface 2084 and surface 2085 intersect the Z-axis. The
electronic elements such as the field-effect transistors TR,,
and TR, are provided on the surface 2085 side.

The memory units MU are provided in a region between
the surface 208a and surface 2085 of the insulating layer 208
in the memory cell region MEM. The memory unit MU
extends along the Z-axis direction. One end of the memory
unit MU is electrically connected to the bit line BL through
the conductive layer 206. The memory unit MU is electri-
cally connected to the electronic element such as the field-
effect transistor TR, or field-effect transistor TR, through
the bit line BL.

The pillars 61 are provided in an insulating region
between the surface 208a and surface 2085 of the insulating
layer 208 in the first alignment mark region AM1. The pillar
61 extends along the Z-axis direction.
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The pillars 62 are provided in an insulating region
between the surface 208a and surface 2085 of the insulating
layer 208 in the second alignment mark region AM2. The
pillar 62 extends along the Z-axis direction.

The reproducing elements MTJ are provided on the
surface 208a side of the insulating layer 208. The reproduc-
ing element MTIJ is provided above the memory unit MU.

The selection elements SEL are provided on the surface
208a side of the insulating layer 208. The selection element
SEL is provided above the reproducing element MTJ.

The word lines WL are provided above the selection
elements SEL. The word line WL contains, for example, a
metal material.

The insulating layer 209 is provided on the surface 208«
side of the insulating layer 208. The insulating layer 209
electrically separates each of the plurality of reproducing
elements MTJ, the plurality of selection elements SEL, and
the plurality of word lines WL.

The substrate 210 is not limited to any particular type of
substrate, but for example, a wiring substrate may be used.
The substrate 210 has, for example, a plurality of electrode
pads on its surface. The plurality of electrode pads are
connected to the word lines WL. The substrate 210 is
electrically connected to peripheral circuits formed on the
semiconductor substrate 200 through contact plugs and
connection pads not illustrated in the drawing.

FIG. 9 is a cross-sectional schematic diagram illustrating
a structural example of a pillar. Here, an example of the
pillar 61 is described as the pillar, but the pillar 62 and the
memory unit MU have a similar structure as the pillar 61.

The pillar 61 illustrated in FIG. 9 has an insulator 61a and
a magnetic substance 615. The insulator 61a is provided in
the insulating layer 208. The insulator 61a extends along the
Z-axis direction. The magnetic substance 615 is provided
between the insulating layer 208 and the insulator 61a. The
magnetic substance 615 is provided on a side surface of the
pillar 61 and surrounds an outer periphery of the insulator
61a. The magnetic substance 615 extends along the Z-axis
direction. A similar material as the magnetic substance of the
memory unit MU can be used as a material of the magnetic
substance 615.

The pillar 61 further includes three regions: a region P1,
region P2, and region P3. The regions P1, P2, and P3 each
have the depressions 51 and the protrusions 52, similar to the
memory unit MU illustrated in FIG. 4.

The region P1 has portions A1 with a maximum diameter
W, and portions B1 with a minimum diameter W, along
the Z-axis direction from the surface 2084 side. The portions
A1 and portions B1 are alternately provided along the Z-axis
direction. Thus, the portion Al is provided between two
portions B1 adjacent to these portions Bl in the Z-axis
direction, and the portion B1 is provided between two
portions Al adjacent to these portions Al in the Z-axis
direction. In the Z-axis direction, the portions A1l or portions
B1 that are closest to each other have a first distance. For
example, the first distance is 100 nm or more and 200 nm or
less. The maximum diameter is an extreme value (a local or
a global maximum value) of the diameter of the pillar 61.
The minimum diameter is an extreme value (a local or global
minimum value) of the diameter of the pillar 61. The
maximum diameters W, of the plurality of portions Al can
be the same or different values from each other. The mini-
mum diameters W, of the plurality of portions B1 may be
the same or different values from each other.

FIG. 9 illustrates an example in which the diameter of the
region P1 changes with a first period along the Z-axis
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direction from the surface 208a side, as an example. The first
period is not particularly limited, but is, for example, 100 nm
or more and 200 nm or less.

The region P2 has portions A2 with a maximum diameter
W ,, and portions B2 with a minimum diameter Wz, along
the Z-axis direction from the surface 2085 side. The portions
A2 and portions B2 are alternately provided along the Z-axis
direction. Thus, the portion A2 is provided between two
portions B2 adjacent to these portions B2 in the Z-axis
direction, and the portion B2 is provided between two
portions A2 adjacent to these portions A2 in the Z-axis
direction. In the Z-axis direction, the portions A2 or portions
B2 that are closest to each other have a second distance. For
example, the second distance is 100 nm or more and 200 nm
or less. The maximum diameters W ,, of the plurality of
portions A2 may be the same or different values from each
other. The minimum diameters W, of the plurality of
portions B2 may be the same or different values from each
other.

FIG. 9 illustrates an example in which the diameter of the
region P2 changes with a second period along the Z-axis
direction from the surface 2086 side, as an example. The
second period is not particularly limited but is, for example,
100 nm or more and 200 nm or less.

The region P3 is provided between the region P1 and
region P2. The region P3 has portions A3 with a maximum
diameter W ,; and portions B3 with a minimum diameter
Wy, along the Z-axis direction. The portions A3 and por-
tions B3 are alternately provided along the Z-axis direction.
Thus, the portion A3 is provided between two portions B3
adjacent to these portions B3 in the Z-axis direction, and the
portion B3 is provided between two portions A3 adjacent to
these portions A3 in the Z-axis direction. In the Z-axis
direction, the portions A3 or portions B3 that are closest to
each other have a third distance. The third distance is shorter
than each of the first and second distances. For example, the
third distance is 80 nm or less. The maximum diameters W
of the plurality of portions A3 may be the same or different
values from each other. The minimum diameters Wz, of the
plurality of portions B3 may be the same or different values
from each other.

FIG. 9 illustrates an example in which the diameter of the
region P3 changes with a third period along the Z-axis
direction, as an example. The third period is shorter than
each of the first and second periods. The third period is, for
example, 80 nm or less.

When a distance between centers of the plurality of pillars
61 is shorter than a wavelength of light, a layer in which the
plurality of pillars 61 are formed can be regarded as a film
with an effective refractive index. The effective refractive
index is determined by a refractive index and density of each
of the pillar 61 and the insulating layer 208. Furthermore,
when the diameter of the pillar 61 is periodically changed
(also called modulation), the effective refractive index can
be periodically changed in the Z-axis direction. Therefore,
interference of light in the Z-axis direction increases reflec-
tance of light in a specific wavelength range according to the
modulation period of the diameter.

The first alignment mark region AM1, which includes the
plurality of pillars 61 arranged at regular intervals L1, and
the second alignment mark region AM2, which includes the
plurality of pillars 62 arranged at irregular intervals [.2, have
different pillar densities, resulting in a difference in the
effective refractive index. As a result, a contrast ratio
between the first alignment mark region AM1 and the
second alignment mark region AM2 increases and can be
used as alignment marks.
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However, when the difference in the pillar densities
between the two is small, the contrast ratio becomes small.
Therefore, by adjusting the modulation period of the diam-
eter to a period that matches a wavelength region of align-
ment detection light, a peak wavelength and peak intensity
of the reflectance can be made different between the first
alignment mark region AM1 and the second alignment mark
region AM2. This makes it possible to increase the contrast
ratio, thereby improving accuracy of alignment.

For example, the modulation period of the diameter can
be more than 100 nm and 200 nm or less. On the other hand,
from a viewpoint of high integration (high recording den-
sity), the modulation period of the diameter is preferably
small. For example, it is 80 nm or less. Therefore, when the
modulation period of the diameter of the pillar 61 is constant
along the Z-axis direction, it will be difficult to achieve both
high integration and improved alignment accuracy in the
storage device.

In contrast, by varying the distances between the maxi-
mum diameters or the distances between the minimum
diameters of the pillar among the region P1, region P2, and
region P3, it is possible to achieve both high integration and
improved alignment accuracy in the storage device.

Next, an example of a method for manufacturing the
storage device 1 is explained with reference to FIG. 10 to
FIG. 17. FIG. 10 to FIG. 17 are cross-sectional schematic
diagrams for explaining the example of the method for
manufacturing the storage device, and each illustrate an X-Z.
cross-section.

First, as illustrated in FIG. 10, a metal layer 212 is formed
on a substrate 211 such as a silicon substrate. The metal layer
212 includes a surface 212a and surface 2125. A thickness
of the metal layer 212 ranges approximately from several
um to several hundred um. For example, it is preferable to
use high-purity aluminum with a purity of 99.90% or higher
as the metal layer 212. The metal layer 212 can be formed,
for example, by using sputtering, a plating method, a chemi-
cal vapor deposition method (CVD), or bonding a metal
layer (metal substrate, metal foil) to the substrate 211, and
the like.

In FIG. 10, the metal layer 212 is in direct contact with the
substrate 211, but a film of other materials (for example, an
insulating layer) may be formed between the metal layer 212
and the substrate 211. In this case, the metal layer 212 is
formed on the insulating layer covering the substrate 211.

Next, as illustrated in FIG. 11, a pattern including depres-
sions 213 is formed on the metal layer 212. The depressions
213 serve as reaction starting points for anodization process.
The pattern can be formed by, for example, forming a resist
mask having a pattern on a surface of the metal layer 212
using photolithography technology and partially etching the
metal layer 212 using the resist mask. The etching can be dry
etching or wet etching. In the first alignment mark region
AM]1, the depressions 213 are arranged at regular intervals.
Also, in the first alignment mark region AM1, dimensions of
the depressions 213 are made uniform. In the second align-
ment mark region AM2, the depressions 213 are arranged at
irregular intervals.

Next, as illustrated in FIG. 12, the metal layer 212 is
anodized to form the insulating layer 208 having depressions
214 in the memory cell region MEM, depressions 215 in the
first alignment mark region AM1, and depressions 216 in the
second alignment mark region AM2. The depressions 214 to
216 are also referred to as alumina holes. The metal layer
212 may partially remain below the depressions 214 to 216.
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It is also possible to form the depressions 216 at irregular
intervals by anodizing the metal layer 212 without forming
the depressions 213.

The metal layer 212 is anodized, for example, by immers-
ing it in an electrolytic solution in an anodization apparatus
and applying a voltage to the substrate 211. A depth of each
alumina hole can be controlled by adjusting the time of the
anodization.

FIG. 13 is a cross-sectional schematic diagram illustrating
a structural example of the alumina hole. Here, an example
of the depression 216 is described as the alumina hole, but
the depressions 214 and 215 may have a similar structure.
The depression 216 illustrated in FIG. 13 includes three
regions: a region PA, region PB, and region PC.

The region PA is a region where the region P1 in FIG. 9
is formed. The region PA has the portions Al having the
maximum diameter W, and the portions B1 having the
minimum diameter Wy, along the Z-axis direction. The
region PA can be formed, for example, by anodizing the
metal layer 212 by applying a first alternating voltage after
formation of the region PC.

The region PB is a region where the region P2 in FIG. 9
is formed. The region PB has the portions A2 having the
maximum diameter W, and the portions B2 having the
minimum diameter Wy, along the Z-axis direction. The
region PB can be formed, for example, by anodizing the
metal layer 212 by applying a third alternating voltage.

The region PC is a region where the region P3 in FIG. 9
is formed. The region PC has the portions A3 having the
maximum diameter W5 and the portions B3 having the
minimum diameter Wz, along the Z-axis direction. The third
distance is shorter than each of the first and second dis-
tances. The region PC can be formed by anodizing the metal
layer 212 by applying a second alternating voltage after the
formation of the region PB. The second alternating voltage
has a higher frequency than each of the first alternating
voltage and third alternating voltage. In other words, each of
the first alternating voltage and third alternating voltage has
a lower frequency than the second alternating voltage.

Next, as illustrated in FIG. 14, the memory unit MU is
formed in each depression 214, the pillar 61 is formed in
each depression 215, and the pillar 62 is formed in each
depression 216. The memory units MU, the pillars 61, and
the pillars 62 are formed by forming the magnetic substance
in each of the depressions 214, 215, and 216 using, for
example, the CVD method or an atomic layer deposition
method (ALD), and then forming an insulator such as silicon
oxide on the magnetic substance by the CVD, the ALD, or
a coating method to fill the depressions 214, 21 5 and 216.
In this way, the memory units MU, the pillars 61, and the
pillars 62 can be formed by the same process. An air gap
may be formed instead of the insulator.

The memory units MU, the pillars 61, and the pillars 62
are formed along surface shapes in the regions PA to PC of
the alumina hole illustrated in FIG. 13. Therefore, it is
possible to form a structure with the regions P1 to P3
described with reference to FIG. 9 for the memory units MU,
the pillars 61, and the pillars 62.

Furthermore, as illustrated in FIG. 14, the conductive
layer 206, the field lines FL, the bit lines BL, the connection
pad 205, and the insulating layer 207 are formed on the
surface 2124 side. For processing these components, a resist
mask formed by photolithography is used, and at least one
of alignments between the resist mask and the substrate 211
is performed using alignment marks including the pillars 61
and 62.
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Next, as illustrated in FIG. 15, the semiconductor sub-
strate 200 on which the field-effect transistor TR,, field-
effect transistor TR , conductive layer 202, insulating layer
203, and connection pad 204 are formed, and the substrate
211, are bonded together to connect the connection pad 204
to connection pad 205.

Next, as illustrated in FIG. 16, the substrate 211, the
unreacted metal layer 212, part of the insulating layer 208,
part of the memory units MU, part of the pillars 61, and part
of the pillars 62 are removed sequentially.

The unreacted metal layer 212 is removed, for example,
by wet etching. This exposes a region above the alumina
holes in the insulating layer 208.

Part of the insulating layer 208 can be removed by wet
etching using phosphoric acid, for example.

Part of the memory units MU, part of the pillars 61, and
part of the pillars 62 can be removed using chemical
mechanical polishing (CMP), for example.

Next, as illustrated in FIG. 17, the reproducing elements
MT], the selection elements SEL, the word lines WL, the
insulating layer 209, and the substrate 210 are formed. For
processing these components, a resist mask formed by
photolithography is used, and at least one of alignments
between the resist mask and the semiconductor substrate 200
is carried out using alignment marks including the pillars 61
and 62. The above is the explanation of the example of the
method for manufacturing the storage device 1.

As described above, the storage device of the embodiment
has the alignment marks having the pillars. The pillar has the
third region between the first and second regions. The third
region changes in diameter with a shorter period than the
first and second regions, for example. The above configu-
ration improves contrast of alignment mark images gener-
ated during alignment. Therefore, it is possible to achieve
both high integration and improved alignment accuracy in
the storage device.

Furthermore, the above configuration allows the peak
wavelength and the peak intensity of the reflectance to be
different between the first alignment mark region AM1 and
the second alignment mark region AM2. Therefore, in the
above alignment mark image, the contrast ratio between the
first alignment mark region AM1 and the second alignment
mark region AM2 can be increased, so the alignment accu-
racy can be improved. Therefore, it is possible to achieve
both high integration and improved alignment accuracy in
the storage device.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, those novel embodiments may be embodied in a
variety of other forms; furthermore, various omissions,
substitutions, and changes in the form of the embodiments
described herein may be made without departing from the
spirit of the inventions. The accompanying claims and their
equivalents are intended to cover such forms or modifica-
tions as would fall within the scope and spirit of the
inventions.

What is claimed is:

1. A storage device, comprising:

an insulating layer including a first surface, a second
surface, a first insulating region provided between the
first and second surfaces, and a second insulating
region provided between the first and second surfaces;

at least one memory unit provided in the first insulating
region;
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at least one first pillar provided in the second insulating
region and extending in a first direction intersecting the
first and second surfaces;

a first element provided adjacent to the first surface of the
insulating layer; and

a second element provided adjacent to the second surface
of the insulating layer,

wherein the at least one first pillar includes:

a first region including a first portion, a second portion
and a third portion, the first portion having a first
maximum diameter, the second portion having a
second maximum diameter, the third portion being
provided between the first and second portions in the
first direction, the third portion being provided on
each of the first and second portions in the first
direction, the third portion having a first minimum
diameter, the first region continuously decreasing in
diameter from the first portion to the third portion,
the first region continuously decreasing in diameter
from the second portion to the third portion, and the
first and second portions defining a first distance
therebetween in the first direction;

a second region including a fourth portion, a fifth
portion and a sixth portion, the fourth portion having
a third maximum diameter, the fifth portion having a
fourth maximum diameter, the sixth portion being
provided between the fourth and fifth portions in the
first direction, the sixth portion being provided on to
each of the fourth and fifth portions in the first
direction, the sixth portion having a second mini-
mum diameter, the second region continuously
decreasing in diameter from the fourth portion to the
sixth portion, the second region continuously
decreasing in diameter from the fifth portion to the
sixth portion, and the fourth and fifth portions defin-
ing a second distance therebetween in the first direc-
tion; and

a third region provided between the first and second
regions in the first direction and including a seventh
portion, an eighth portion and a ninth portion, the
seventh portion having a fifth maximum diameter,
the eighth portion having a sixth maximum diameter,
the ninth portion being provided between the seventh
and eighth portions in the first direction, the ninth
portion being provided on each of the seventh and
eighth portions in the first direction, the ninth portion
having a third minimum diameter, the third region
continuously decreasing in diameter from the sev-
enth portion to the ninth portion, the third region
continuously decreasing in diameter from the eighth
portion to the ninth portion, the seventh and eighth
portions defining a third distance therebetween in the
first direction, and the third distance being shorter
than each of the first and second distances.

2. The storage device according to claim 1, wherein

the first region further includes a tenth portion having a
fourth minimum diameter,

the second region further includes an eleventh portion
having a fifth minimum diameter, and

the third region further includes a twelfth portion having
a sixth minimum diameter, wherein

the second portion is provided between the third and tenth
portions in the first direction and the second portion is
provided on each of the third and tenth portions in the
first direction,
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the fifth portion is provided between the sixth and elev-
enth portions in the first direction and the fifth portion
is provided on each of the sixth and eleventh portions
in the first direction, and

the eighth portion is provided between the ninth and
twelfth portions in the first direction and the eighth
portion is provided on each of the ninth and twelfth
portions in the first direction, wherein

the first region continuously decreasing in diameter from
the second portion to the tenth portion,

the second region continuously decreasing in diameter
from the fifth portion to the eleventh portion,

the third region continuously decreasing in diameter from
the eighth portion to the twelfth portion, and wherein

the third and tenth portions defines a fourth distance
therebetween in the first direction,

the sixth and eleventh portions defines a fifth distance
therebetween in the first direction,

the ninth and twelfth portions defines a sixth distance
therebetween in the first direction, and

the sixth distance is shorter than each of the fourth and
fifth distances.

3. The storage device according to claim 1, further com-

prising:

an alignment mark including at least part of the first pillar.

4. The storage device according to claim 1, wherein the

memory unit includes a second pillar extending in the first
direction, the second pillar includes:

a fourth region including a thirteenth portion, a fourteenth
portion and a fifteenth portion, the thirteenth portion
having a seventh maximum diameter, the fourteenth
portion having an eighth maximum diameter, the fif-
teenth portion being provided between the thirteenth
and fourteenth portions in the first direction, to the
fifteenth portion being provided on each of the thir-
teenth and fourteenth portions in the first direction, the
fifteenth portion having a seventh minimum diameter,
the fourth region continuously decreasing in diameter
from the thirteenth portion to the fifteenth portion, the
fourth region continuously decreasing in diameter from
the fourteenth portion to the fifteenth portion, and the
thirteenth and fourteenth portions defining a seventh
distance therebetween in the first direction;

a fifth region including a sixteenth portion, a seventeenth
portion and an eighteenth portion, the sixteenth portion
having a ninth maximum diameter, the seventeenth
portion having a tenth maximum diameter, the eigh-
teenth portion being provided between the sixteenth
and seventeenth portions in the first direction, the
eighteenth portion being provided on each of the six-
teenth and seventeenth portions in the first direction,
the eighteenth portion having an eighth minimum
diameter, the fifth region continuously decreasing in
diameter from the sixteenth portion to the eighteenth
portion, the fifth region continuously decreasing in
diameter from the seventeenth portion to the eighteenth
portion, and the sixteenth and seventeenth portions
defining an eighth distance therebetween in the first
direction; and

a sixth region provided between the fourth and fifth
regions in the first direction and including a nineteenth
portion, a twentieth portion and a twenty-first portion,
the nineteenth portion having an eleventh maximum
diameter, the twentieth portion having a twelfth maxi-
mum diameter, the twenty-first portion being provided
between the nineteenth and twentieth portions in the
first direction, the twenty-first portion being provided
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on each of the nineteenth and twentieth portions in the

first direction, the twenty-first portion having a ninth

minimum diameter, the sixth region continuously
decreasing in diameter from the nineteenth portion to
the twenty-first portion, the sixth region continuously
decreasing in diameter from the twentieth portion to the
twenty-first portion, the nineteenth and twentieth por-
tions defining a ninth distance therebetween in the first
direction, and the ninth distance being shorter than each
of the seventh and eighth distances.

5. The storage device according to claim 1, wherein

the at least one first pillar includes:

a first plurality of pillars arranged at regular intervals
along the first surface or the second surface, and

a second plurality of pillars arranged at irregular intervals
along the first surface or the second surface.

6. The storage device according to claim 1, wherein

the insulating layer contains aluminum oxide.

7. The storage device according to claim 1, wherein

the first element is a read element, and

the second element is a write element.

8. The storage device according to claim 1, wherein

the first element is a magnetoresistive effect element, and

the second element is wiring that generates a magnetic
field when current flows therethrough.

9. A method for manufacturing a storage device, com-

prising:

anodizing a metal layer to form an insulating layer, the
insulating layer including a first surface, a second
surface, at least one first depression, and at least one
second depression, the at least one first depression
extending in a first direction intersecting the first and
second surfaces, and the second depression extending
in the first direction;

forming a memory unit in the at least one first depression,
and forming a first pillar in the at least one second
depression, at least part of the first pillar being an
alignment mark;

forming a first element adjacent to the first surface of the
insulating layer, and

forming a second element adjacent to the second surface
of the insulating layer,

wherein the at least one second depression has:

a first region including a first portion, a second portion
and a third portion, the first portion having a first
maximum diameter, the second portion having a
second maximum diameter, the third portion being
provided between the first and second portions in the
first direction, the third portion being provided on
each of the first and second portions in the first
direction, the third portion having a first minimum
diameter, the first region continuously decreasing in
diameter from the first portion to the third portion,
the first region continuously decreasing in diameter
from the second portion to the third portion, and the
first and second portions defining a first distance
therebetween in the first direction;

a second region including a fourth portion, a fifth
portion and a sixth portion, the fourth portion having
a third maximum diameter, the fifth portion having a
fourth maximum diameter, the sixth portion being
provided between the fourth and fifth portions in the
first direction, the sixth portion being provided on
each of the fourth and fifth portions in the first
direction, the sixth portion having a second mini-
mum diameter, the second region continuously
decreasing in diameter from the fourth portion to the
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sixth portion, the second region continuously
decreasing in diameter from the fifth portion to the
sixth portion, and the fourth and fifth portions defin-
ing a second distance therebetween in the first direc-
tion; and
a third region provided between the first and second
regions in the first direction, including a seventh
portion, an eighth portion and a ninth portion, the
seventh portion having a fifth maximum diameter,
the eighth portion having a sixth maximum diameter,
the ninth portion being provided between the seventh
and eighth portions in the first direction, the ninth
portion being provided on each of the seventh and
eighth portions in the first direction, the sixth portion
having a third minimum diameter, the third region
continuously decreasing in diameter from the sev-
enth portion to the ninth portion, the third region
continuously decreasing in diameter from the eighth
portion to the ninth portion, the seventh and eighth
portions defining a third distance therebetween in the
first direction, and the third distance being shorter
than each of the first and second distances.
10. The method according to claim 9, wherein
the first region is formed by applying a first alternating
voltage to anodize the metal layer,
the third region is formed by applying a second alternat-
ing voltage after forming the first region to anodize the
metal layer, the second alternating voltage being higher
than the first alternating voltage in their frequencies,
and
the second region is formed by applying a third alternat-
ing voltage after forming the third region to anodize the
metal layer, the third alternating voltage being lower
than the second alternating voltage in their frequencies.
11. The method according to claim 9, wherein
the first region further includes a tenth portion having a
fourth minimum diameter,
the second region further includes an eleventh portion
having a fifth minimum diameter, and
the third region further includes a twelfth portion having
a sixth minimum diameter, wherein
the second portion is provided between the third and tenth
portions in the first direction and the second portion is
provided on each of the third and tenth portions in the
first direction,
the fifth portion is provided between the sixth and elev-
enth portions in the first direction and the fifth portion
is provided on each of the sixth and eleventh portions
in the first direction, and
the eighth portion is provided between the ninth and
twelfth portions in the first direction and the eighth
portion is provided on each of the ninth and twelfth
portions in the first direction, wherein
the first region continuously decreasing in diameter from
the second portion to the tenth portion,
the second region continuously decreasing in diameter
from the fifth portion to the eleventh portion,
the third region continuously decreasing in diameter from
the eighth portion to the twelfth portion, and wherein
the third and tenth portions defines a fourth distance
therebetween in the first direction,
the sixth and eleventh portions defines a fifth distance
therebetween in the first direction,
the ninth and twelfth portions defines a sixth distance
therebetween in the first direction, and
the sixth distance is shorter than each of the fourth and
fifth distances.
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12. The method according to claim 9, wherein the at least

one first depression includes:

a fourth region including a thirteenth portion, a fourteenth
portion and a fifteenth portion, the thirteenth portion
having a seventh maximum diameter, the fourteenth
portion having an eighth maximum diameter, the fif-
teenth portion being provided between the thirteenth
and fourteenth portions in the first direction, the fif-
teenth portion being provided on each of the thirteenth
and fourteenth portions in the first direction, the fif-
teenth portion having a seventh minimum diameter, the
fourth region continuously decreasing in diameter from
the thirteenth portion to the fifteenth portion, the fourth
region continuously decreasing in diameter from the
fourteenth portion to the fifteenth portion, and the
thirteenth and fourteenth portions defining a seventh
distance therebetween in the first direction;

a fifth region including a sixteenth portion, a seventeenth
portion and an eighteenth portion, the sixteenth portion
having a ninth maximum diameter, the seventeenth
portion having a tenth maximum diameter, the eigh-
teenth portion being provided between the sixteenth
and seventeenth portions in the first direction, the
eighteenth portion being provided on each of the six-
teenth and seventeenth portions in the first direction,
the eighteenth portion having an eighth minimum
diameter, the fifth region continuously decreasing in
diameter from the sixteenth portion to the eighteenth
portion, the fifth region continuously decreasing in
diameter from the seventeenth portion to the eighteenth
portion, and the sixteenth and seventeenth portions
defining an eighth distance therebetween in the first
direction; and
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a sixth region provided between the fourth and fifth
regions in the first direction and including a nineteenth
portion, a twentieth portion and a twenty-first portion,
the nineteenth portion having an eleventh maximum
diameter, the twentieth portion having a twelfth maxi-
mum diameter, the twenty-first portion being provided
between the nineteenth and twentieth portions in the
first direction, the twenty-first portion being provided
on each of the nineteenth and twentieth portions in the
first direction, the twenty-first portion having a ninth
minimum diameter, the sixth region continuously
decreasing in diameter from the nineteenth portion to
the twenty-first portion, the sixth region continuously
decreasing in diameter from the twentieth portion to the
twenty-first portion, the nineteenth and twentieth por-
tions defining a ninth distance therebetween in the first
direction, and the ninth distance being shorter than each
of the seventh and eighth distances.

13. The method according to claim 9, wherein

the at least one first pillar includes:

a first plurality of pillars arranged at regular intervals
along the first surface or the second surface, and

a second plurality of pillars arranged at irregular intervals
along the first surface or the second surface.

14. The method according to claim 9, wherein

the insulating layer contains aluminum oxide.

15. The method according to claim 9, wherein

the first element is a read element, and

the second element is a write element.

16. The method according to claim 9, wherein

the first element is a magnetoresistive effect element, and

the second element is wiring that generates a magnetic
field when current flows therethrough.
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